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Avian trichomoniasis is caused by an infection of the protozoan Trichomonas 
gallinae, a cosmopolitan parasite of columbiform birds. Infection is characterized by the 
necrotic ulceration of the mouth, esophagus, crop and proventriculus. These lesions can 
obstruct the upper respiratory and digestive tracts, frequently resulting in death. The 
objectives of this study were to determine the prevalence and genetic lineage of avian 
trichomoniasis in four species of columbiforms in San Angelo, Texas. Samples were cultured 
and analyzed using InPouch TF diagnostic pouches. A total avian trichomoniasis prevalence 
of 66% (n=94 total), and evidence of the presence of multiple lineages among collected 
samples were found in this study. Lineages found in my study were responsible for outbreaks 
of trichomoniasis that resulted in high mortalities, indicating the possibility for such an 
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Avian trichomoniasis is caused by an infection of the flagellated protozoan 
Trichomonas gallinae, a cosmopolitan parasite of columbiform birds (Stabler and Herman 
1951; Schulz et al. 2005). It has also been reported other avian species including house 
finches (Haemorhous mexicanus) and corvids (Family Corvidae) (Anderson et al. 2009; 
Neimanis et al. 2010; Chi et al. 2013; Marx et al. 2017).  
 Current classification lists T. gallinae under the phylum Metamonada, class 
Parabasalia, order Trichomonadida and family Trichomonadidae (Cavalier-Smith 2002). T. 
gallinae was first described by Rivolta (1878) when he isolated organisms from the caseaous 
lesions of the upper digestive tract of a common pigeon (Columba livia; [Stabler 1939]).  
Rivolta initially identified the organism as a cercomonad, then naming it Cercomonas 
gallinae; it was later correctly identified as a trichomonad and renamed Trichomonas 
gallinae (Stabler 1939, 1954).  
Infections by T. gallinae are characterized by the necrotic erosion and ulceration of 
the epithelial lining of mouth, esophagus, crop and proventriculus that it causes in birds 
(Stabler 1947). Infection with the milder strains result in lesions in the oral or upper 
esophageal regions that resolve after a few days (Stabler 1947). In contrast, infection with 
one of the more virulent strains can result in an earlier onset of symptoms, lesions which 
prevent feeding and inhibit breathing through the obstruction of the upper respiratory and 
digestive tracts, frequently resulting in death by starvation or suffocation (Sansano-Maestre  
__________ 




et al. 2009; Bunbury et al. 2005). Less commonly, the liver, air sacs and part of the cranium 
can be affected by these caseaous lesions (Stabler 1954). Initial lesions appear on the oral 
mucosa after approximately 7 days, with death following on day 10 (Stabler 1947).  Other 
research has noted that the species of the host, as well as strain of the parasite, may influence 
the severity of infection and presence of symptoms (Boal et al. 1998; Hedlund 1998; 
Sansano-Maestre et al. 2009). 
Historically, the primary hosts of T. gallinae are members of the family Columbidae, 
which, when symptomatic, is termed “canker” in these species (Stabler 1947). Columbids 
can also be asymptomatic and act as reservoir hosts for this parasite, although the “nature of 
this immunity is not understood” (Stabler 1954). Trichomoniasis affects not only members of 
the order Columbiformes but also a variety of non-columbids, including species from orders 
Anseriformes, Accipitriformes, Falconiformes, Galliformes, Passeriformes, and Strigiformes 
(Stabler and Herman 1951; Samour et al. 1995; Anderson et al. 2009; Rogers et al. 2016; 
Grunenwald et al. 2018). However, resistance to T. gallinae has not been observed outside of 
Columbidae (Kocan and Amend 1972). Transmission has been associated with artificial 
feeding and watering sources in urban and exurban areas where infected birds may pick up 
and drop seed or grain or contaminate communal drinking water with saliva (Stabler and 
Herman 1951; Kocan 1969). Cross species infections can occur at this point as artificial feed 
sources negate typical foraging habits that would limit availability of feed contaminated with 
columbiform saliva in favor of a communal feeding arrangement (Kocan 1969; Krone et al. 
2005; Anderson et al. 2009). Adult doves and pigeons that frequent these sources may then 
transmit the infection to squabs when feeding crop milk (Stabler 1954; Kocan 1969; El-
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Khatam et al. 2016). Several studies found infection in various raptor species, including the 
peregrine falcon (Falco peregrinis), barn owl (Tyto alba), Cooper’s hawk (Accipiter 
cooperii), sparrowhawk (A. nisus), bald eagle (Haliaeetus leucocephalus), American kestrel 
(Falco sparverius), northern goshawk (A. gentilis), and the endangered Bonelli’s eagle 
[(Hieraaetus fasciatus); (Stabler 1948; Stone and Janes 1969; Stone and Nye 1981; Work 
and Hale 1996; Boal et al. 1998; Real et al. 2000; Krone et al. 2005; Bunbury et al. 2007; 
Ecco et al. 2012)]. Trophic spillover to ornithophagous raptors occurs when infected prey 
such as doves, or even bird carcasses, are utilized as primary food sources (Work and Hale 
1996; Boal et al. 1998; Erwin et al. 2000; Krone et al. 2005; Rogers et al. 2016). Nestlings 
could then become infected indirectly when they are fed the infected prey, or directly from 
infected parents (Forrester and Foster 2008). An example of the impact of this disease on 
birds of prey is the Cooper’s hawk, where approximately 80% of urban nestling mortalities in 
Arizona were attributed to avian trichomoniasis while no rural nestling mortalities were 
caused by avian trichomoniasis (Boal 1997). The diet of urban Cooper’s hawks is comprised 
of 83% dove while the diet of its exurban counterpart is comprised of 10% dove (Rogers et 
al. 2016). Further, several studies found that nestlings have a higher prevalence compared to 
breeding age Cooper’s hawks (Boal et al. 1998; Rosenfield et al. 2002; Krone et al. 2005; 
Dudek et al. 2018). Two possible explanations are suggested for this. The first is breeding 
age hawks acquire immunity through initial infection as nestlings if they survive the infection 
(Urban and Mannan 2014). Second is the result of physiological changes that occur in the 
oral cavity during avian development, including the oral pH (Boal et al. 1998; Urban and 
Mannan 2014). Urban and Mannan (2014) found that the average oral pH of breeding age 
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(pH=6.12 [SE] 0.059) and fledgling (pH= 6.05 [SE] 0.066) Cooper’s Hawks were seven 
times more acidic than that of nestlings (pH= 6.83 [SE] 0.033). In general, trichomonads are 
sensitive to environmental pH, and T. gallinae specifically prospers at pH levels between 6.5 
and 7.5, with its optimal pH being 7.2 (Read 1957; Urban and Mannan 2014).  
Transmission success, proliferation and the virulence of the disease is also dependent 
on the genetic lineage of T. gallinae (Stabler 1948; Honigberg 1961; Gerhold et al. 2008; 
Sansano-Maestre et al. 2009; Marx et al. 2017). The ITS1-5.8-ITS2 ribosomal and Fe-
hydrogenase gene regions of the T. gallinae genome (Kleina et al. 2004) have been effective 
in differentiating between lineages, and specific lineages have been identified that are linked 
to increased virulence through the observation of clinical disease (Gerhold et al. 2008; 
Sansano-Maestre et al. 2009; Girard et al. 2014a; Marx et al. 2017). 
As a recent study described, understanding the prevalence of both virulent and less-
virulent lineages in columbids can be relevant to estimating the potential impact of the 
disease in a given area (Marx et al. 2017). Exposure of birds of prey to various strains of this 
parasite has been increasing as human encroachment and subsequent habitat loss forces them 
to nest in urban areas and traditional prey items are replaced by urban columbids (Boal et al. 
1998; Sansano-Maestre et al. 2009).  Further understanding could also be beneficial to future 
human health issues, as some lineages isolated from columbids have a higher genetic 
similarity to T. vaginalis, the causative agent of the human sexually transmitted infection 
trichomoniasis, than to T. gallinae (Gerhold et al. 2008; Girard et al. 2014a). One review 
suggests that zoonotic transfer of trichomonad parasites between human and bird may have 
already occurred (Maritz et al. 2014).  
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Several surveys of avian trichomoniasis have been conducted across North America 
and found prevalences vary greatly across species. Published prevalences in white-winged 
doves (Zenaida asiatica) range from 96.7-100% (Stabler 1961; Conti and Forrester 1981; 
Glass et al. 2001); incidence in mourning doves (Z. macroura) ranges from 1.1-47% in 
various U.S. states (Haugen 1952; Kocan and Amend 1972; Greiner and Baxter 1974; Conti 
and Forrester 1981; Ostrand et al. 1995; Schulz et al. 2005). Hedlund (1998) reported 
incidence in Inca doves (Columbina inca) ranging from 47-60% across two consecutive years 
(1994-95) in Tucson, Arizona, USA. No species-specific surveys of avian trichomoniasis in 
Eurasian collared doves (Streptopelia decaocto) have been conducted in North America. This 
is likely due to their status as an invasive species, with colonies first appearing in Florida in 
the early 1980s, and disjunct populations occurring in various locations in the 1990s, 
including Texas (Romagosa and Labisky 2000). Furthermore, only two surveys in white-
winged doves have been conducted in Texas (Stabler 1961; Glass et al. 2001), and none have 
been conducted on the other three target species (Inca dove, mourning dove and Eurasian 
collared-dove) in the current study, although infections in these species have been reported in 
Texas (Gerhold et al. 2008).  
Stabler (1961) sampled 51 white-winged doves in Hidalgo and Cameron counties and 
all 51 birds were infected with T. gallinae; however none displayed clinical signs of 
trichomoniasis. In 2001, Glass et al. reported 170 of 171 White-winged doves sampled in 
eastern Texas tested positive for T. gallinae using InPouchTM TF diagnostic pouches. 
However, none of the individuals sampled displayed any clinical signs of trichomoniasis, and 
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neither Stabler (1961) nor Glass et al. (2001) characterized the collected samples 
molecularly. 
While multiple studies exist in the literature detailing the prevalences of various avian 
species, the literature on prevalences in sympatric species is limited. Conti and Forrester 
(1981) found that prevalences in mourning doves sympatric with white-winged doves in 
southern Florida had a 17% prevalence, while mourning doves in northern Florida where 
there are no white-winged doves, had a 1.1% prevalence. This suggests the same would be 
true of additional species of columbids sympatric with white-winged doves, but no literature 
on this comparison could be found.  
The objectives of this study were to determine the (i) pH of infected versus uninfected 
sympatric species of columbids (ii) prevalence and (iii) genetic lineage (and ultimately the 
virulence) of avian trichomoniasis through the detection of the protozoan T. gallinae in four 
sympatric avian species in the urban and the exurban areas of San Angelo, Tom Green 
County, Texas. These species include the Inca dove, white-winged dove, mourning dove, and 
Eurasian collared-dove. I hypothesized that the pH of the oral cavities of birds sampled 
would be more acidic in those that are culture negative for T. gallinae infection compared to 
those that are positive (Urban and Mannan 2014). I hypothesized that I would find a higher 
occurrence of T. gallinae infection in birds sampled in urban areas than in exurban areas, as 
infection and population densities of columbids have been found to increase in residential 
areas (Stabler 1954; Boal et al. 1998). I also expected to find a higher prevalence in white-
winged doves than in the other four species listed, as this species is noted to be the most 
abundant columbid in these residential areas (Conti and Forrester 1981; Boal et al. 1998; 
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Gerhold et al. 2008). Lastly, I expected to find more than one unique genetic lineage of T. 
gallinae among collected samples, as many lineages have been reported and are found to 
differ by avian host species (Gerhold et al. 2008; Girard et al. 2014a; Martínez-Herrero et al. 





Beginning in Spring 2017 and continuing through Summer 2018, white-winged, Inca, 
mourning, and Eurasian collared-doves were sampled at various urban and exurban sites for 
avian trichomoniasis. All samples were collected within in Tom Green County (Texas, USA) 
at urban and exurban locations (Figure 1). Urban and exurban designations were determined 
by observations of density of residences. All four species were captured using walk-in funnel 
traps or mist nets in and around San Angelo. After being removed from the mist nets or 
funnel traps, birds were held in cloth bags until sampling, not exceeding 15 minutes. Each 
bird was then tested for T. gallinae by sampling the oral cavity and oropharynx using an 
algonite tipped swab and inserting it in an InPouchTM TF diagnostic pouch (BioMed 
Diagnostics, White City, Oregon, USA) and marked with an identifying leg band. These 
methods were utilized successfully by Erwin et al. (2000). Pouches were stored at room 
temperature and out of sunlight until use. Cover et al. (1994) found the InPouchTM TF 
diagnostic pouches to possess practical advantages over in vitro Diamond’s medium while 
being as accurate in detecting T. gallinae. The samples collected using the InPouchTM TF 
diagnostic pouches were transported to the laboratory within 24-hours for incubation and 
analysis. The Angelo State University IACUC (protocol 17-01) approved all capture and 
sampling techniques and banding was done under USGS BBL permit number 22801 and 




 The pH was measured by holding a microelectrode (HALO® Wireless pH Meter with 
Microbulb, HANNA lnstruments, Woonsocket, Rhode Island, USA) in the oral cavity of 
each dove until the reading on the HANNA Lab App (HANNA Instruments) stabilized 
(approximately 15-30 sec). The microelectrode was stored in Electrode Storage Solution 
(HANNA Instruments) and rinsed with distilled water between samples and before returning 
to storage. The microprobe was calibrated to 3 points (pH=4.01, 7.01, 10.01) every day 
before sampling.  
Analysis of Diagnostic Pouches  
The InPouchTM TF diagnostic pouches were viewed under a microscope at 100-400x 
magnification for 15 minutes or until T. gallinae was observed. If, after 15 minutes, no T. 
gallinae was observed, the diagnostic pouch was incubated at 37°C and reevaluated at 24, 48 
and 72 hours. If, after 72 hours, no T. gallinae was present, the sample was considered 
negative for T. gallinae (Boal et al. 1998; Erwin et al. 2000). Samples found to be positive 
were transferred to cryovials using disposable pipettes and stored at -80°C until DNA 
extraction. 
Statistical Analysis 
Fisher’s exact and Chi-squared tests were used to compare prevalences following the 
methods of Boal et al. (1997). Analysis of variance (ANOVA) was used to compare average 
oral pH measurements following the methods of Urban et al. (2013). P-values that required 









 Stored specimens were removed from freezer and thawed by rolling between palms. 
Thawed specimens were then centrifuged at 1000x g for 5 minutes, supernatant discarded, 
and the pellet was re-suspended in 1 ml of phosphate-buffered saline (PBS). The specimens 
were centrifuged again at 1000x g for 5 min, the supernatant again discarded. One-half of the 
resultant gelatinous-pellet was aliquotted using a transfer pipet to a new 1.5 ml tube for use 
in DNA extraction. The pellet remnant was resuspended in 100 μl of PBS and returned to -
80°C storage. This method was adapted from Marx et al. (2017), who found it effective for 
preparation of T. gallinae samples for DNA extraction. 
DNA from previously prepared pellets was extracted using the DNeasy blood and 
tissue extraction kit (Qiagen, Valencia, California, USA) according to the manufacturer’s 
animal tissues and cells protocol. Samples underwent a final elution with 50 μl of Buffer AE 
to increase resultant DNA concentrations. Concentrations were quantified using a Qubit™ 3 
Fluorometer and Qubit™ dsDNA HS Assay kit (Invitrogen, Carlsbad, California, USA). 
Extracted DNA was stored at -20°C until use.  
ITS1/5.8S rRNA/ITS2 Genetic Analysis 
 I chose to sequence the highly conserved ITS1/5.8s/ITS2 ribosomal region due to its 
successful use in several genetic studies of parasitic trichomonads (Kleina et al. 2004; Gaspar 
da Silva et al. 2007; Gerhold et al. 2008; Sansano-Maestre et al. 2009, 2016; Grabensteiner et 
al. 2010; Lawson et al. 2011; Kelly-Clark et al. 2013). This region contains internal 
transcribed spacers (ITS) that have a higher rate of nucleotide variation in comparison to the 
5.8s rRNA sequence and are used for phylogenetic analysis among species within the same 
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genus (Hillis and Dixon 1991; Kleina et al. 2004; del Carmen Martínez Herrero 2016). 
Amplification protocol of this region was adapted from Cepicka et al. (2005) and Gerhold et 
al. (2008). Trichomonad specific primers, ITSF (5’-TTCAGTTCAGCGGGTCTTCC-3’) and 
ITSR (5’-GTAGGTGAACCTGCCGTTGG-3’), were obtained from AlphaDNA (Montreal, 
Quebec, Canada) and used to perform polymerase chain reactions (PCR) (Cepicka et al. 
2005). Amplification protocol of the Fe-hydrogenase gene was adapted from Ganas et al. 
(2014) and Lawson et al. (2011). Published primers for this gene, TrichhydFOR (5’-
GTTTGGGATGGCCTCAGAAT-3’) and TrichhydREV (5’-
AGCCGAAGATGTTGTCGAAT-3’), were also obtained from AlphaDNA and used to 
perform PCR. All PCR reactions were conducted using AmpliTaq Gold® Fast PCR 
Mastermix (2X) (Applied Biosystems, Foster City, CA, USA). The mastermix contained 
AmpliTaq Gold® DNA Polymerase, UP, PCR buffer, dNTPs, MgCl2 and stabilizers. A total 
reaction volume of 25 μl was used and consisted of 1X AmpliTaq Gold™ Fast PCR 
Mastermix, 0.2 μM of each primer, and approximately 2 ng extracted DNA for all reactions. 
All reactions were conducted on a Bio-Rad MyCycler™ thermal cycler (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). The following cycling conditions were used for all 
ITSF/5.8s/ITSR PCR reactions: polymerase activation and initial denaturation at 95°C for 10 
minutes, followed by 35 cycles of denaturation at 96°C for 3 seconds, annealing at 52°C for 
3 seconds and extension at 68°C for 5 seconds. Final extension was set to 72°C for 10 
seconds. The following cycling conditions were used for all Fe-hydrogenase PCR reactions: 
polymerase activation and initial denaturation at 95°C for 10 minutes, followed by 35 cycles 
of denaturation at 96°C for 5 seconds, annealing at 53°C for 3 seconds and extension at 68°C 
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for 15 seconds. Final extension was set to 72°C for 10 seconds. Samples were then held at 
10°C until removed. All PCR reactions were run with a negative control using autoclaved 
diH2O. Two samples of known, extracted T. gallinae DNA were obtained from Dr. Richard 
Gerhold at University of Tennessee and used as positive controls. This DNA was extracted 
from samples obtained from a white-winged dove and a Cooper’s hawk. PCR products were 
evaluated for bands of appropriate size using FastRuler Middle Range DNA Ruler and 6x 
MassRuler LD (Thermo Scientific ™, Waltham, MA, USA) on a 1.5% agarose gel, stained 
with ethidium bromide, in 1X TAE (Tris-Acetic Acid-EDTA) buffer and then observed 
under UV light.  
 Amplified PCR products were treated with ExoSAP-IT Express™ PCR Product 
Cleanup Reagent (Applied Biosystems, Foster City, CA, USA) following the manufacturers 
protocol. Sequencing was carried out using Sanger sequencing (Genomics Core Lab, Texas 
A & M University at Corpus Christi, Corpus Christi, Texas).  
Constructing phylogenetic trees 
Chromatograms of the ITS1/5.8s rRNA/ITS2 region and Fe-hydrogenase gene were 
manually checked in both directions (forward and reverse) and assembled using 
Sequencher™ 5.1 (Gene Codes Corporation, Ann Arbor, Michigan, USA). Assembled 
sequences were aligned using the MUSCLE algorithm in MEGAX: Molecular Evolutionary 
Genetics Analysis version 10.0 for bigger datasets (Kumar et al. 2018). There were a total of 
365 positions in the final alignment for ITS1/5.8s rRNA/ITS2 region and 884 positions for 
the Fe-hydrogenase locus. A pairwise distance test was conducted to determine similarities 
between sequences. Pairwise distances were calculated using nucleotide substitutions in a 
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Kimura 2-parameter model (Kimura 1980). Substitutions included were transitions and 
transversions and codon positions included were 1st + 2nd + 3rd + Noncoding. All positions 
containing gaps and missing data were eliminated. Identical sequences were grouped and 
condensed to a single representative sequence and a representative sequence from each group 
was selected for use in further analysis. Each unique sequence and the representative 
sequences from respective groups were queried on NCBI GenBank using BLAST 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and sequences with >98% query cover, <1E-3 
expectation values and >98% identity to the queried sequence were recorded. Previously 
published sequence types of the ITS1/5.8s rRNA/ITS2 region of T. gallinae were used as 
reference sequences. The “Find Best DNA/Protein Models (ML)” tool in MEGAX was used 
to determine the best-fit substitution model for the ITS1/5.8s rRNA/ITS2 region, which 
indicated the model with the lowest AIC, BIC and highest lnL was the Tamura 3-parameter 
model with Gamma distribution (Tamura 1992). The evolutionary history of this region was 
inferred by using the neighbor-joining method based on the Tamura 3-parameter model with 
bootstrap test (10,000 replicates). A gamma distribution was used to model evolutionary rate 
differences among sites (5 categories shape parameter = 1). All ambiguous positions were 
removed for each sequence pair. There were 365 positions in the final dataset and the 
resultant phylogenetic tree was edited in MEGAX.  
For the Fe-hydrogenase locus, the “Find Best DNA/Protein Models (ML)” tool 
indicated the Kimura 2-parameter model with gamma distribution had the lowest AIC, BIC, 
and highest lnL for this region (Kimura 1980). The evolutionary history was inferred by 
using the neighbor-joining method based on the Kimura 2-parameter model with bootstrap 
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test (10,000). A gamma distribution was used to model evolutionary rate differences among 
sites (5 categories, shape parameter = 0.45). All ambiguous positions were removed for each 
sequence pair. There was a total of 884 positions in the final dataset and the resultant 




 A total of 94 oral swabs were collected from both urban and exurban locations (Table 
1). Samples were obtained from 19 Inca doves, 6 Eurasian collared-doves, 66 white-winged 
and 3 mourning doves. Three of the white-winged doves were double-sampled as controls to 
ensure accuracy of culture pouches.  
Mourning and Eurasian collared-doves were not included in all comparisons due to 
small sample sizes (Table 1). Comparing prevalence between species regardless of location 
(Table 2) revealed a significant difference between white-winged (80.3%) and Inca doves 
(31.6%) only (Fisher’s exact test: Padj<0.001). There was no significant difference between 
urban and exurban prevalence (Fisher’s exact test: Padj=1.000). However, there was a 
significant difference between prevalence in urban white-winged (77.8%) and urban Inca 
doves (40%) (Fisher’s exact test: Padj<0.031380) as well as exurban white-winged (85.3%) 
and exurban Inca doves (0%) (Fisher’s exact test: Padj=0.008). Lastly, prevalence within 




Table 1 — Prevalence of Trichomonas gallinae among doves sampled at urban and exurban locations, listed by species. 
Sampling was conducted between January 2017 and July 2018 in urban and exurban locations of San Angelo, Texas. Oral 
swabs were cultured in InPouchTM TF diagnostic pouches and observed via light microscopy; the presence of ≥1 motile 
trichomonad was considered culture positive. Streptopelia decaocto: Eurasian collared-dove; Columbina inca: Inca dove; 
Zenaida macroura: mourning dove; Zenaida asiatica: white-winged dove. 
 Urban Exurban NTotal 
Species Positive Negative Positive Negative  
Streptopelia decaocto 0 0 3 3 6 
Columbina inca 6 9 0 4 19 
Zenaida macroura 0 2 0 1 3 
Zenaida asiatica 35 10 18 3 66 





Table 2 — Overall comparison of prevalence of T. gallinae infection between species in 
both urban and exurban sites combined. Fisher’s exact test for count data was used to 
compare prevalences between sampled avian species, regardless of location. P-values have 
been adjusted using Bonferroni adjustment. Streptopelia decaocto: Eurasian collared-dove; 














Fisher’s exact test  
P Padj 
Z. asiatica  C. inca < 0.001 <0.001 
Z. asiatica  S. decaocto 0.119 
 
0.713 
C. inca  S. decaocto 0.63 1 
Z. asiatica  Z. macroura 0.011 0.064 
S. decaocto  Z. macroura 0.464 1 
C. inca  Z. macroura 0.533 1 
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Table 3 — Comparison of intraspecific prevalence of T. gallinae between urban and exurban 
locations. Fisher’s Exact test for count data was used to compare intraspecific prevalences at 
urban and exurban locations. P-values have been adjusted using Bonferroni adjustment. 
Streptopelia decaocto: Eurasian collared-dove; Columbina inca: Inca dove; Zenaida 







Fisher’s exact test  
P Padj 
Z. asiatica   0.519 1 
C. inca  0.255 
 
0.766 




The pH of columbids sampled in this study (n=27) was not influenced by infection 
(F=1.985, df=1, P=0.171). The average pH of infected individuals was 7.07 ± 0.081 [SE] and 
the average pH of uninfected individuals was 6.87± 0.120 [SE]. The pH measurements of 
sampled columbids were then compared by location, which was an influencing factor 
(F=9.318, df=1, P=0.005). The average pH of urban individuals was 7.16± 0.074 [SE] and 
the average pH of exurban individuals was 6.79± 0.099 [SE]. 
Sequence Analysis of ITS1/5.8s rRNA/ITS2 region 
Of the 62 positive samples, 57 successfully amplified the ITS1/5.8s/ITS2 region and 
were sequenced. Two positive samples were used for staining purposes and were not 
processed for DNA extraction and sequencing, two additional samples did not successfully 
amplify and one sample (10 ITS WWDO) was omitted from alignment and further analysis 
due to poor quality sequence product. Summarized NCBI BLASTn results of sample 
sequences are in Table 4. Detailed NCBI BLASTn results are in Appendix IV (Table 12). All 
48 sequences from samples collected from white-winged doves had higher sequence 
similarities to a reference sequence for T. vaginalis (n=35) or a Trichomonas genus (n=13) 
specific sequence than to reference sequences for T. gallinae (Table 4). Four sequences 
collected from Inca doves also had a higher sequence similarity to T. vaginalis than to T. 
gallinae. All sequences from samples collected from Eurasian collared-doves and 1 Inca 
dove had higher sequence similarities to different reference sequences of T. gallinae than to 




Table 4 — Summarized NCBI BLASTn results of 57 sequences of the ITS1/5.8s/ITS2 region from samples collected in the 




Samples, Avian Species Collected 
From 
Identity GenBank Acc. #, Author 
T. vaginalis 4 – Inca, 35 – white-winged dove ≥98% U86613.1; Felleisen 2001 
Trichomonas sp. 13 – all white-winged dove ≥ 98%  EU215361.1; Gerhold 2008 
T. gallinae 3 – all Eurasian collared-dove 99% KX459505.1; Marx 2017 




Phylogenetic analysis of ITS1/5.8s rRNA/ITS2 
Phylogenetic alignment of the ITS1/5.8s rRNA/ITS2 region included a representative 
sequence from each unique group, sequences from individually unique samples, 
representative sequences from each known ITS1/5.8s rRNA/ITS2 sequence group of T. 
gallinae, as well as Tritrichomonas foetus (Acc. n: AF466749.1) and Tetratrichomonas 
gallinarum (Acc. n.: AY245126.1) as outgroups. Samples from this study clustered into two 
groups (Figure 2); T. gallinae-like and T. vaginalis-like. These lineages are weakly supported 
by maximum likelihood bootstrap values of 54% (T. gallinae-like clade) and 69% (T. 
vaginalis-like clade). 
One group of samples clustered with T. vaginalis and known reference sequences of 
T. gallinae that are more similar to a reference sequence of T. vaginalis than to other 
reference sequences of T. gallinae. The other group of samples clustered with known 
reference sequences of T. gallinae that are more similar to other reference sequences of T. 
gallinae than to T. vaginalis (Figure 2). There is no significant difference in the sequence 
groups found at either location type (Fisher’s exact test: Padj=0.216). However, sample size 
and species sampled should be considered when interpreting these results. These groups were 
then compared by avian host species (Table 5). A significant difference was found between 
groups found in avian species (Fisher’s exact test: Padj<0.001). However, species composition 




























Figure 2— Molecular phylogenetic analysis of the ITS1/5.8s rRNA/ITS2 region of 





Figure 2 — Phylogenetic analysis of Trichomonas gallinae samples collected from 
columbiforms based on the sequencing of ITS1/5.8s/ITS2 region. The tree was constructed 
using 365-bp aligned nucleotide positions using a neighbor-joining algorithm with 10,000 
bootstrap replications. The DNA substitution model was a Tamura 3-parameter model with 
gamma distribution, and Tritrichomonas foetus and Tetratrichomonas gallinarum were used 
as outgroups. Study-specific identification (numeric, sequence identifier, avian species 
sample was collected from) or identical sequence group (“Group” followed by roman 
numeral) represent sequences collected in my study and are in bold type. WWDO: white-
winged dove; ECDO: Eurasian collared-dove; INDO: Inca dove. Reference sequences for 
known sequence types of T. gallinae are in italics. The numbers adjacent to nodes are the 
branch support values for the branch connecting to that node. The scale bar represents 
evolutionary distance and is in the units of number of base substitutions per site. The 
bracketed groups “T. vaginalis - like” and “T. gallinae - like” indicate the clustering pattern 




Table 5 — Groups of identical ITS1/5.8s/ITS2 sequences collected from samples of 










Sequence lineage  
T. gallinae-like T. vaginalis-like 
White-winged dove   0 47 
Inca dove  1 
 
5 
Eurasian collared-dove  3 0 
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Sequence Analysis of Fe-hydrogenase 
Of the 58 samples that successfully amplified the ITS1/5.8s/ITS2 region, only 4 
successfully amplified the Fe-hydrogenase region. Sample 55 FeHyd ECDO and 50 FeHyd 
ECDO had a ≥ 99% identity to T. gallinae subtype C2, sample 49 FeHyd ECDO had a 99% 
identity to both T. gallinae subtypes C2 and C5, and sample 19 FeHyd INDO had a 100% 
identity to T. gallinae subtype A1 (Table 6).  
Phylogenetic analysis of Fe-hydrogenase  
Phylogenetic alignment of the Fe-hydrogenase region included 4 sequenced samples 
(Table 6), representative sequences from each known Fe-hydrogenase subtype of T. gallinae 
(Table 7), a known sequence of this region for T. stableri (Acc. n.: KC660123), and a known 
sequence of this region for T. vaginalis (Acc. n.: XM001310179) as an out-group. Samples 
55 FeHyd ECDO and 59 FeHyd ECDO clustered with a representative sequence (KP900031) 
of T. gallinae subtype C2, supported by a bootstrap value for neighbor-joining value of 89% 
(Figure 3). Sample 19 FeHyd INDO clustered with a representative sequence of T. gallinae 
subtype A1, supported by a bootstrap value for neighbor-joining value of 89% (Figure 3). 
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Table 6 —BLAST results and sequence identity values for the Fe-hydrogenase gene region from Trichomonas samples are 
listed with the first match from a published study; Acc. n.: GenBank Accession number. Four letters at the end of the study-
specific sample ID indicate the species the oral swab was collected from; INDO: Inca dove; ECDO: Eurasian collared-dove. 
 




% BLAST Identity, E-
value 
19 FeHy INDO T. gallinae-A1 (KC244201; Girard et al. 2014) 99%, 0.00 
49 FeHy ECDO T. gallinae-C5 (KP900040; Sansano-Maestre et al. 2016) 
T. gallinae-C2 (KP900032; Sansano-Maestre et al. 2016) 
100%, 0.00 
100%, 0.00 
55 FeHy ECDO T. gallinae-C2 (KP900031; Sansano-Maestre et al. 2016) 99%, 0.00 




Table 7 — Known subtypes of the Fe-hydrogenase region of the Trichomonas gallinae genome, as reported in the literature. 
Acc. n.: Accession number.  
Known 
Subtype Species Host 
GenBank 
Acc. n. Origin Author 
A1a T. gallinae Band-tailed pigeon 
Patagioenas fasciata 
KC244201 California Girard et al. 2014 
A2 T. gallinae Rock dove 
Columba livia 
KP900030 Spain Sansano-Maestre et al. 2016 
C1 T. gallinae Not available AF446077 Not 
Available 
Voncken et al 2002 
C2 a T. gallinae Eurasian collared dove 
Streptopelia decaocto 
KP900031 Spain Sansano-Maestre et al. 2016 
C4 T. gallinae Rock dove 
Columba livia 
KP900037 Spain Sansano-Maestre et al. 2016 
C5 a T. gallinae. Rock dove 
Columba livia 
KP900040 Spain Sansano-Maestre et al. 2016 
C6 T. gallinae Booted eagle 
Aquila pennata 
KP900041 Spain Sansano-Maestre et al. 2016 
C7 T. gallinae Eurasian collared dove 
Streptopelia decaocto 
KP900034 Spain Sansano-Maestre et al. 2016 





Figure 3. — Molecular phylogenetic analysis of the Fe-hydrogenase gene region of 
Trichomonas collected in this study. The tree was constructed using 884-bp aligned 
nucleotide positions using a neighbor-joining algorithm with 10,000 bootstrap replications in 
a Kimura 2-parameter model with gamma distribution, and T. vaginalis and T. stableri as 
outgroups. Sequences collected in the current study are represented by their study-specific 
identification (numeric, sequence identifier, avian species sample was collected from) in 
bold. WWDO: white-winged dove; ECDO: Eurasian collared-dove; INDO: Inca dove. 
Reference sequences for known sequence types of T. gallinae are in italics. The numbers 
adjacent to nodes are the branch support values for the branch connecting to that node. The 
scale bar represents evolutionary distance and is in the units of number of base substitutions 





My first hypothesis was that the pH of the oral cavities of birds sampled would be 
more acidic in those that are culture negative for T. gallinae infection compared to those that 
are positive (Urban and Mannan 2014). I measured the oral pH of 27 of the columbids 
sampled in this study and the average pH of infected individuals sampled was slightly less 
acidic (7.07 ± 0.081 SE) than the average of those not infected (6.87± 0.120 SE), and not 
statistically different, and did not support my hypothesis. However, this is consistent with the 
optimal pH of 7.2 reported for T. gallinae proliferation (Read 1957). Read (1957) also noted 
that viability and potential for T. gallinae decrease as the environment becomes more acidic. 
Urban et al. (2013) found that the average oral pH of urban nestling Cooper’s Hawks (6.8) 
was less acidic than the average pH in breeding-aged individuals (6.1). In this same 
population 85% of nestlings were infected with T. gallinae, while only 1% of breeding 
individuals were infected. Although the results in my study are not statistically different, they 
do follow the pattern seen in the Urban et al. (2013) study. Additionally, the differences in 
pH range between Cooper’s hawks and columbids sampled in my study could be an 
explanatory factor of columbids being a well-known host species for T. gallinae. There was a 
difference in pH between urban and exurban locations in my study which could be attributed 
to water quality or treatment, or simply an artifact of the small sample size. Due to the 
survival capabilities of T. gallinae in artificial water sources, it would be interesting to 
conduct a similar, long-term study comparing incidence of T. gallinae in drought and wet 
years, especially in urban areas where drought induced residential water restrictions may 
reduce availability of artificial water sources. 
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My second hypothesis was that I would find a higher prevalence of T. gallinae 
infection in birds sampled in urban areas than in exurban areas, as infection and population 
densities of columbids have been found to increase in residential areas (Stabler 1954; Boal et 
al. 1998). My results did not support this hypothesis. I found a 66% incidence of T. gallinae 
in urban areas and a 66% incidence in exurban areas. The total sample size and species 
composition of the samples may have played a role in this outcome (Table 1). Further, the 
general foraging behavior of doves could explain the similar values as they are known to fly 
up to 5 to 20 km from roosting sites to foraging sites and the urban and exurban trapping 
locations were well within that range of one another (Cottam and Trefethen 1968). It’s likely 
the birds sampled in exurban locations frequented urban locations as foraging grounds and 
vice versa, impacting T. gallinae prevalence. Moreover, the factors that increase 
opportunistic disease transmission in urban areas (artificial feed sources that negate typical 
feeding habits) only provide for comparably higher prevalences if similar feed sources are 
not available in exurban locations as well. The exurban locations used for trapping included 
feedlots and cropland, possibly providing a type of artificial feed source and source of 
disease transmission. The majority of samples were collected from white-winged doves 
(Table 1), which is a well-documented host of T. gallinae (Stabler 1947, 1961). Additionally, 
none of the birds sampled in this study exhibited obvious clinical signs of trichomoniasis, 
although thorough examinations were not conducted in an effort to reduce stress on each 
individual. This is consistent with the results of other researchers in regards to the absence of 
lesions associated with T. gallinae infection in white-winged doves and mourning doves, 
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although no culture positive mourning doves were found in my study (Stabler 1951, 1961; 
Hedlund 1998). 
My third hypothesis was that I would find a higher prevalence of T. gallinae in white-
winged doves than in the other four species listed, as white-winged dove is noted to be the 
most abundant columbid in these residential areas (Conti and Forrester 1981; Boal et al. 
1998; Gerhold et al. 2008). In this study, white-winged doves presented a higher prevalence 
(80.3%) of T. gallinae, irrespective of location, than other species sampled; which supported 
my hypothesis. The combination of white-winged doves having a higher density compared to 
other columbid species in San Angelo, the colonial nesting behaviors of this species 
(Goodwin 1967) and ease of transmission of the disease (Cottam and Trefethen 1968) is 
likely responsible for the higher incidence my study found. If the other species sampled in 
my study had similar population densities in this area to white-winged doves, I would expect 
to find similarly high incidence of T. gallinae. However, the prevalence in white-winged 
doves found in my study is slightly lower than other reported infection rates in white-winged 
doves, which range from 97 to 100% (Stabler 1961; Hedlund 1998; Glass et al. 2001). To 
rule out this result being an artifact of small sample size, I graphed the white winged dove 
samples on an accumulation curve (Figure 4). The prevalence of infection on this curve 
remains relatively constant at approximately 80%, with no indication of increasing with the 
addition of samples. The accumulation curve indicates that the low prevalence (80%) in 














White-winged dove samples 
Prevalence in white-winged doves over time 
Figure 4 — Accumulation curve of samples collected from white-winged doves in chronological order of 





Additionally, the annually cyclic behavior of avian trichomoniasis in columbids, 
where latent infection is lost and then reacquired, could also explain the below average 
incidence (Schulz et al. 2005; Urban and Mannan 2014). Another explanatory factor could be 
the comparatively small sample sizes; acquiring equal sample sizes from all species groups 
may have yielded different results. Several studies in the United States note a susceptibility 
to T. gallinae infection in mourning doves, especially those populations sympatric with 
white-winged doves (Stabler and Herman 1951; Haugen 1952; Conti and Forrester 1981; 
Glass et al. 2001; Schulz et al. 2005). Additionally, expanding my sample locations to 
include more rural areas might have decreased my estimate of exurban prevalence.  
In contrast with the available literature regarding T. gallinae in white-winged doves, 
the literature on incidence in Inca doves is lacking. Hedlund (1998) conducted a survey of T. 
gallinae in avian populations in urban Tucson, Arizona over two consecutive years and 
reported incidences of 47% (n=83) and 60% (n=25) in Inca doves. This is consistent with the 
urban incidence found in this study (66%, n=9), however the difference in sample sizes 
should be taken into account. Mourning doves had the lowest sample size in this study; three 
were collected at urban locations and none were collected at exurban locations, making 
drawing reliable conclusions from these data extremely difficult. Other researchers report 
that low asymptomatic infection rates in mourning dove populations is common and those 
populations that are sympatric with white-winged dove populations or share similar habitats 
in wintering areas have an increase in incidence as well as trichomoniasis-related mortalities 
(Conti and Forrester 1981; Glass et al. 2001; Schulz et al. 2005). A substantial decrease in 
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mourning dove populations in Alabama was attributed to an epizootic of trichomoniasis 
(Haugen 1952).  
 Eurasian collared-doves had an exurban incidence of 50% (n=6); due to the small 
sample size and the fact that none were collected in urban areas, it is difficult to draw reliable 
conclusions. Similar to the Inca dove, other than noting that T. gallinae infection can occur in 
Eurasian collared-doves, literature concerning the incidence of this parasite in Eurasian 
collared-doves in the United States is lacking. However, several studies in Europe have 
found similar or higher infection rates in Eurasian collared doves, with one study in Spain 
reporting only 1% of the infected birds (n=167) exhibiting lesions (Lennon et al. 2013; del 
Carmen Martínez Herrero 2016). The lack of lesions coupled with high prevalences 
demonstrates the enzootic character of this infection in columbids, serving as reservoir hosts 
for this parasite.  
Phylogenetic Analysis 
My fourth hypothesis was that I would find more than one unique genetic lineage of 
T. gallinae among collected samples, as many lineages have been reported and are found to 
differ by avian host species (Gerhold et al. 2008; Girard et al. 2014a; Martínez-Herrero et al. 
2014). Phylogenetic analysis of the ITS1/5.8s rRNA/ITS2 region revealed the presence of 
more than one sequence group among my samples, which supports my hypothesis. This 
could be attributed to the unique manner in which pigeons and doves consume water; unlike 
most birds that scoop water in their bill and tilt their heads back, members of the family 
Columbidae drink by dipping bills into the water and sucking up the liquid. This provides 
ample exposure time of various strains of T. gallinae to the water which can then survive up 
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to 60 minutes in water sources contaminated with organic detritus (Kocan 1969; Purple et al. 
2015). The group foraging and watering behaviors of columbids provide adequate 
opportunities for transmission between individuals to occur within the survival window of T. 
gallinae in water sources (Kocan 1969; Gerhold et al. 2013; Purple et al. 2015). 
 Comparison of the sequence groups by location revealed no preference of specific 
sequence groups to a location; this is consistent with known foraging behavior of doves, as 
they are known to fly up to 5 to 20 km from roosting sites to foraging sites which supports 
the easy transmission of multiple strains between my urban and exurban trapping locations 
(Cottam and Trefethen 1968). Similarly, several studies found that samples collected from 
columbids clustered into at least two clades; T. gallinae-like and T. vaginalis-like (Gaspar da 
Silva et al. 2007; Gerhold et al. 2008; Girard et al. 2014a, 2014b). Gerhold et al. (2008) 
found similar host-parasite relationships to the one observed in the clustering patterns of my 
samples (Figure 2) (white-winged doves - T. vaginalis-like; Eurasian collared-doves - T. 
gallinae-like). This may indicate a strain-specific host-parasite dynamic. Girard et al. (2014a) 
described a new species of trichomonad, Trichomonas stableri, based on genetic information 
from ITS1/5.8s rRNA/ITS2 and Fe-Hydrogenase regions as well as morphological 
characteristics. This proposed new species was found in band-tailed pigeons (P. fasciata) in 
California, and is also sequence group K, as described by Gerhold et al. (2008). Known 
sequence groups for the ITS1/5.8s rRNA/ITS2 region are compiled in Table 8. Sequence 




Table 8 — Known sequence groups of the ITS1/5.8s rRNA/ITS2 region of T. gallinae as reported in the literature. Acc. n.: 




Group Species Host 
GenBank 
Acc. n. Origin Author 
Aa T. gallinae Mourning dove 
Zenaida macroura 
EU215369 Arizona Gerhold et al. (2008) 
B T. gallinae Broad-winged hawk 
Buteo platypterus 
EU215368 Florida Gerhold et al. (2008) 
Cba T. gallinae Rock pigeon 
Columba livia 
EU215362 Colorado Gerhold et al. (2008) 
Db T. gallinae Eurasian collared-dove 
Streptopelia decaocto 
EU215364 Texas Gerhold et al. (2008) 
Eb T. gallinae Eurasian collared-dove 
Streptopelia decaocto 
EU215363 Texas Gerhold et al. (2008) 
F T. sp. Common ground dove 
Columbina passerina 
EU215358 Texas Gerhold et al. (2008) 
G T. sp. Common ground dove 
Columbina passerina 
EU215359 Texas Gerhold et al. (2008) 
H T. sp. White-winged dove 
Zenaida asiatica 
EU215360 Texas Gerhold et al. (2008) 
I T. sp. White-winged dove 
Zenaida asiatica 
EU215361 Texas Gerhold et al. (2008) 
b Indicates sequence groups that are identical but differ slightly in length. 




Table 8 (Continued) 
Known 
Sequence 
Group Species Host 
GenBank 
Acc. n. Origin Author 
J T. sp. Mourning dove 
Zenaida macroura 
EU215365 Texas Gerhold et al. (2008) 
K T. stableri Band-tailed pigeon 
Patagioenas fasciata 
EU215367 California Gerhold et al. (2008) 
L T. sp. Cooper’s hawk 
Accipiter cooperii 
EU215366 Arizona Gerhold et al. (2008) 
O T. gallinae Stock dove 
Columba oenas 
KX459442 Germany Marx et al. (2017) 
P T. sp. Turtle dove 
Streptopelia turtur 
KF993705 Italy Marinez-Herrero (2017) 
Q T. sp. Turtle dove 
Streptopelia turtur 
KX459510 Spain Marx et al. (2017) 
II T. sp. Racing pigeon 
Columba livia domestica 
FN433474 Austria Grabensteiner et al. (2010) 
III T. gallinae Nicobar pigeon 
Caloenas nicobarica 
KC529665 India Chi et al. (2013) 
V T. gallinae Canary bird 
Serinus canaria domestica 
FN433477 Austria Grabensteiner et al. (2010) 











may suggest a geographic component to the already known host- parasite relationship 
between this species and these sequence groups (Gerhold et al. 2008).  
An epizootic in Tucson, Arizona, involving both mourning doves and Cooper’s 
hawks was attributed to isolates found to cluster with the T. vaginalis-like clade and the T. 
gallinae-like clade, specifically ITS sequence groups L and A, respectively (Gerhold et al. 
2008). This suggests that white-winged doves played a role in the spread of this disease 
(Gerhold et al. 2008). A similar epizootic could occur in the situation of a colonization event 
in San Angelo, as urban Cooper’s hawks diets consist of more columbids than their rural 
counterparts and sequence group A was found in at least one sample in my study (Boal 1997; 
Boal et al. 1998; Estes and Mannan 2003; Mannan et al. 2008).  
ITS1/5.8s/ITS2 sequence groups C, D and E (which are identical, but differ slightly in 
length), were also reported in Eurasian collared-doves from Texas by Gerhold et al. (2008). 
All samples collected from Eurasian collared-doves in my study also belonged to sequence 
group C. Additional literature regarding these sequence groups in the United States is 
lacking. Chi et al. (2013) reported ITS sequence group A is responsible for an epizootic of 
trichomoniasis producing a large number of mortalities in European finches. Sequence group 
A was also found in one Inca dove sample in my study. Researchers reported that individuals 
infected with ITS sequence group A were more likely to exhibit clinical symptoms than those 
infected with ITS sequence group C, regardless of host species (Chi et al. 2013). It should be 
noted in that study feral pigeons exhibited no sign of disease regardless of infecting strain. 
This could indicate weak virulence, however further research including histological studies is 
needed to draw reliable conclusions, especially in the United States. 
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The iron-hydrogenase region of the trichomonad genome is known to have separation 
capabilities in addition to those provided by the ITS1/5.8s rRNA/ITS2 region (Voncken et al. 
2002; Lawson et al. 2011; Girard et al. 2014a; Sansano-Maestre et al. 2016). Successful 
amplification and sequencing of the Fe-hydrogenase region in these samples may have shed 
more light on the genetic lineages and sequence groups of Trichomonas found in these 
samples. Future studies that include molecular characterization of both of these regions of T. 
gallinae in white-winged doves in Texas should elaborate on this. Additionally, it is possible 
that the Fe-hydrogenase primers I used are not suitable for amplifying the T. vaginalis-like 
lineage. Since most of my samples fell into the T. vaginalis-like lineage based on the ITS 
sequence types, this may explain the lack of PCR amplification in those samples.  
There are several known subtypes of the iron-hydrogenase region of the T. gallinae 
genome (Table 7). Literature involving the study and reporting of these subtypes in the 
United States is lacking. Samples 55 FeHyd ECDO and 59 FeHyd ECDO (Group V) 
clustered with T. gallinae subtype C2, further elucidating their ITS sequence group as C. 
Sample 49 FeHyd ECDO clustered with the previously described clade, and had a 99% 
identity with both T. gallinae subtypes C2 and C5, indicating it also falls in ITS sequence 
group C.  Another survey of T. gallinae in avian populations using the iron hydrogenase loci 
found that all infected Eurasian collared-doves were one of the C-subtypes, and inferred as 
all belonging to ITS sequence group C (Sansano-Maestre et al. 2016). This could indicate a 
strain specific host-parasite relationship between ITS sequence group C and Eurasian 
collared-doves. However, the study referenced took place in Spain and additional research 
would be needed at different geographic locations (especially in the United States) to confirm 
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this. Sample 19 FeHyd INDO clustered with T. gallinae subtype A1 and has been reported in 
mortality events related to epizootic trichomoniasis in band tailed pigeons in California and 
is responsible for the trichomoniasis epidemic that lead to significant declines in breeding 
populations of European finches (Lawson et al. 2011; Chi et al. 2013; Girard et al. 2014b; 
Rogers et al. 2016). Further research is needed to determine the extent of infection of this 
subtype at different geographical regions across the United States, and sample species should 
be expanded to include passerines.  
 This study has demonstrated that incidence of T. gallinae in columbids may be 
influenced more by the species of columbid than by habitat type. Additionally, I show that 
oral pH of columbids infected and not infected with T. gallinae mimics the pattern 
demonstrated in in Cooper’s hawks (Urban et al. 2013). I also show additional support for 
host-parasite strain relationships previously suggested in earlier literature, and that there is 
the potential for an epizootic event resulting in high mortalities of different avian species 
including passerines, columbids or protected birds of prey in and around the city of San 
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 APPENDIX I 
Sequences of groups of identical ITS1/5.8sITS2 regions from collected samples, which will be submitted to NCBI GenBank. 
Sample ID  Sequence 

































































































































































BLAST results and sequence identity values for ITS1/5.8s rRNA/ITS2  region from Trichomonas samples are listed with the 
first match from a published study. Identical sequences are grouped into assigned sequence groups, with the study-specific 
sample ID of the representative sequence used italicized. Samples with unique sequences are listed below the groups; Acc. n.: 
GenBank Accession number. Four letters at the end of the study-specific sample ID indicate the species the oral swab was 
collected from; WWDO: white winged-dove; INDO: Inca dove; ECDO: Eurasian collared-dove.  




Group Organism, Acc. n. 
% BLAST Identitiy, E-
value 
1 ITS WWDO Group I T. vaginalis (U86613.1; Felleisen 2001) 98%, 4.00E-165 
4 ITS WWDO 
5 ITS WWDO 
14 ITS INDO 
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Group Organism, Acc. n. % BLAST Identity, E-value 
24 ITS WWDO Group I T. vaginalis (U86613.1; Felleisen 2001) 98%, 4.00E-165 
27 ITS WWDO 
34 ITS WWDO 
37 ITS WWDO 
54 ITS WWDO 
8 ITS INDO Group II T. vaginalis (U86613.1; Felleisen 2001) 99%, 1.00E-170 
11 ITS WWDO 
12 ITS WWDO 
13 ITS WWDO 
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Group % BLAST Identity, E-value 
18 ITS INDO Group II T. vaginalis (U86613.1; Felleisen 2001) 
 
99%, 1.00E-170 
20 ITS WWDO  
28 ITS WWDO 
29 ITS WWDO 
31 ITS WWDO 
32 ITS WWDO 
38 ITS WWDO 
39 ITS WWDO 
47 ITS WWDO 
64 ITS WWDO 
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Group % BLAST Identity, E-value 
68 ITS WWDO Group II   
72 ITS WWDO    
16 ITS WWDO Group III T. sp (EU215361.1; Gerhold 2008) 99%, 1.00E-169 
17 ITS WWDO 
35 ITS WWDO 
3 ITS WWDO Group IV T. sp (EU215361.1; Gerhold 2008) 99%, 2.00E172 
23 ITS WWDO 
58 ITS WWDO 
30 ITS WWDO 
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Group % BLAST Identity, E-value 
59 ITS ECDO Group V T. gallinae (KX459505.1; Marx 2017) 99%, 2.00E-173 
9 ITS WWDO Group VI T. sp (EU215361.1; Gerhold 2008) 99%, 6.00E-168 
56 ITS WWDO    
60 ITS WWDO Group VII T. vaginalis (U86613.1;  Felleisen 2001) 99%, 5.00E-169 
62 ITS WWDO 
67 ITS WWDO 
69 ITS WWDO 
7 ITS WWDO Group VIII T. sp (EU215361.1; Gerhold 2008) 99%, 5.00E-169 
25 ITS WWDO  
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Group % BLAST Identity, E-value 
66 ITS WWDO Group IX T. gallinae (KX459498; Marx 2017) 92%, 6.00E-133 
2 ITS WWDO NA T. sp (EU215361.1; Gerhold 2008) 98%, 5.00E-164 
10 ITS WWDO NA T. vaginalis (U86613.1; Felleisen 1998) 99%, 6.00E-122 
19 ITS INDO NA T. gallinae (KC215387.1; Girard 2014) 99%, 2.00E-173 
21 ITS WWDO NA T. vaginalis (U86613.1; Felleisen 1998) 98%, 1.00E-164 
33 ITS WWDO NA T. vaginalis (U86613.1; Felleisen 1998) 98%, 3.00E-166 
40 ITS WWDO NA T. sp (EU215361.1; Gerhold 2008) 99%, 3.00E-171 
43 ITS INDO NA T. vaginalis (U86613.1; Felleisen 1998) 99%, 5.00E-169 
49 ITS ECDO NA T. gallinae (KX459498.1; Marx 2017) 99%, 6.00E-173 
70 ITS WWDO NA T. vaginalis (U86613.1; Felleisen 1998) 98%, 1.00E-165 






Pairwise distances of ITS1/5.8s/ITS2 sequences from this study and known reference 
sequences from the literature. Pairwise distances were calculated using the number of 
differences method and nucleotide substitutions. Substitutions included transitions and 
transversions. Sample/Group: sample from current study; Comparison: sequence compared to 
sample; No. of differences: number of differences between the two sequences being 
compared.  
Sample/Group Comparison No. of Differences 
Group I 2 ITS WWDO 5  
19 ITS INDO 26  
21 ITS WWDO 3  
33 ITS WWDO 4  
40 ITS WWDO 6  
43 ITS INDO 3  
49 ITS ECDO 22  
70 ITS WWDO 2  
71 ITS WWDO 3  
Group II 2  
Group III 4  
Group IV 5  
Group V 25  
Group VI 3  
Group VII 3  
Group VIII 3  
Group IX 2  
T. gallinae (A) 24  
T. gallinae (B) 27  
T. gallinae (C) 25  
T. gallinae (D) 21  
T. gallinae (E) 17  
T. gallinae (F) 17  
T. gallinae (G) 28  
T. gallinae (H) 6  
T. gallinae (I) 5  
T. gallinae (J) 5  
T. stableri (K) 6  
T. gallinae (L) 2  
T. gallinae (O) 31  
T. gallinae (P) 24  
T. gallinae (Q) 37 
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Sample/Group Comparison No. of Differences 
Group I T. gallinae (II) 20 
 T. gallinae (V) 19 
 T. gallinae (VI) 6 
 T. vaginalis 3 
 T. tenax 27 
 Tetratrichomonas gallinarum 62 
 Tritrichomonas foetus 92 
Group II 2 ITS WWDO 5  
19 ITS INDO 26  
21 ITS WWDO 3  
33 ITS WWDO 2  
40 ITS WWDO 4  
43 ITS INDO 1  
49 ITS ECDO 24  
70 ITS WWDO 3  
71 ITS WWDO 1  
Group III 4  
Group IV 3  
Group V 23  
Group VI 1  
Group VII 1  
Group VIII 5  
Group IX 2  
T. gallinae (A) 22  
T. gallinae (B) 27  
T. gallinae (C) 23  
T. gallinae (D) 21  
T. gallinae (E) 17  
T. gallinae (F) 17  
T. gallinae (G) 26  
T. gallinae (H) 4  
T. gallinae (I) 3  
T. gallinae (J) 3  
T. stableri (K) 4  
T. gallinae (L) 0  
T. gallinae (O) 29  
T. gallinae (P) 22  
T. gallinae (Q) 35  
T. gallinae (II) 20  
T. gallinae (V) 19  
T. gallinae (VI) 6  
T. vaginalis 1  
T. tenax 25  
Tetratrichomonas gallinarum 63 
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Sample/Group Comparison No. of Differences 
Group II Tritrichomonas foetus 92 
Group III Group IV 1  
Group V 27  
Group VI 3  
Group VII 5  
Group VIII 1  
Group IX 4  
2 ITS WWDO 1  
19 ITS INDO 26  
21 ITS WWDO 5  
33 ITS WWDO 6  
40 ITS WWDO 1  
43 ITS INDO 5  
49 ITS ECDO 26  
70 ITS WWDO 5  
71 ITS WWDO 5  
T. gallinae (A) 21  
T. gallinae (B) 26  
T. gallinae (C) 27  
T. gallinae (D) 24  
T. gallinae (E) 19  
T. gallinae (F) 17  
T. gallinae (G) 28  
T. gallinae (H) 2  
T. gallinae (I) 1  
T. gallinae (J) 7  
T. stableri (K) 6  
T. gallinae (L) 4  
T. gallinae (O) 31  
T. gallinae (P) 22  
T. gallinae (Q) 36  
T. gallinae (II) 19  
T. gallinae (V) 22  
T. gallinae (VI) 9  
T. vaginalis 5  
T. tenax 25  
Tetratrichomonas gallinarum 65  
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Sample/Group Comparison No. of Differences 
Group IV Group V 26  
Group VI 2  
Group VII 4  
Group VIII 2  
Group IX 5  
2 ITS WWDO 2  
19 ITS INDO 25  
21 ITS WWDO 6  
33 ITS WWDO 5  
40 ITS WWDO 1  
43 ITS INDO 4  
49 ITS ECDO 27  
70 ITS WWDO 6  
71 ITS WWDO 4  
T. gallinae (A) 20  
T. gallinae (B) 26  
T. gallinae (C) 26  
T. gallinae (D) 24  
T. gallinae (E) 19  
T. gallinae (F) 17  
T. gallinae (G) 27  
T. gallinae (H) 1  
T. gallinae (I) 0  
T. gallinae (J) 6  
T. stableri (K) 5  
T. gallinae (L) 3  
T. gallinae (O) 30  
T. gallinae (P) 21  
T. gallinae (Q) 36  
T. gallinae (II) 19  
T. gallinae (V) 22  
T. gallinae (VI) 9  
T. vaginalis 4  
T. tenax 24  
Tetratrichomonas gallinarum 65  
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Sample/Group Comparison No. of Differences 
Group V 2 ITS WWDO 27  
19 ITS INDO 5  
21 ITS WWDO 26  
33 ITS WWDO 25  
40 ITS WWDO 26  
43 ITS INDO 24  
49 ITS ECDO 3  
70 ITS WWDO 26  
71 ITS WWDO 24  
Group VI 24  
Group VII 24  
Group VIII 28  
Group IX 25  
T. gallinae (A) 3  
T. gallinae (B) 7  
T. gallinae (C) 2  
T. gallinae (D) 1  
T. gallinae (E) 0  
T. gallinae (F) 19  
T. gallinae (G) 28  
T. gallinae (H) 28  
T. gallinae (I) 26  
T. gallinae (J) 21  
T. stableri (K) 22  
T. gallinae (L) 23  
T. gallinae (O) 10  
T. gallinae (P) 12  
T. gallinae (Q) 31  
T. gallinae (II) 16  
T. gallinae (V) 0  
T. gallinae (VI) 19  
T. vaginalis 24  
T. tenax 19  
Tetratrichomonas gallinarum 62  
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Sample/Group Comparison No. of Differences 
Group VI 2 ITS WWDO 4  
19 ITS INDO 25  
21 ITS WWDO 4  
33 ITS WWDO 3  
40 ITS WWDO 2  
43 ITS INDO 2  
49 ITS ECDO 25  
70 ITS WWDO 4  
71 ITS WWDO 2  
Group VII 2  
Group VIII 4  
Group IX 3  
T. gallinae (A) 21  
T. gallinae (B) 26  
T. gallinae (C) 24  
T. gallinae (D) 22  
T. gallinae (E) 18  
T. gallinae (F) 18  
T. gallinae (G) 27  
T. gallinae (H) 3  
T. gallinae (I) 2  
T. gallinae (J) 4  
T. stableri (K) 5  
T. gallinae (L) 1  
T. gallinae (O) 28  
T. gallinae (P) 21  
T. gallinae (Q) 34  
T. gallinae (II) 19  
T. gallinae (V) 20  
T. gallinae (VI) 7  
T. vaginalis 2  
T. tenax 24  
Tetratrichomonas gallinarum 64  





APPENDIX V (CONTINUED) 
 
Sample/Group Comparison No. of Differences 
Group VII 2 ITS WWDO 6  
19 ITS INDO 27  
21 ITS WWDO 2  
33 ITS WWDO 1  
40 ITS WWDO 5  
43 ITS INDO 2  
49 ITS ECDO 25  
70 ITS WWDO 2  
71 ITS WWDO 2  
Group VIII 6  
Group IX 1  
T. gallinae (A) 23  
T. gallinae (B) 27  
T. gallinae (C) 24  
T. gallinae (D) 22  
T. gallinae (E) 17  
T. gallinae (F) 17  
T. gallinae (G) 27  
T. gallinae (H) 5  
T. gallinae (I) 4  
T. gallinae (J) 4  
T. stableri (K) 5  
T. gallinae (L) 1  
T. gallinae (O) 30  
T. gallinae (P) 23  
T. gallinae (Q) 36  
T. gallinae (II) 20  
T. gallinae (V) 19  
T. gallinae (VI) 6  
T. vaginalis 2  
T. tenax 26  
Tetratrichomonas gallinarum 64  
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Sample/Group Comparison No. of Differences 
Group VIII 2 ITS WWDO 2  
19 ITS INDO 25  
21 ITS WWDO 6  
33 ITS WWDO 7  
40 ITS WWDO 3  
43 ITS INDO 6  
49 ITS ECDO 25  
70 ITS WWDO 6  
71 ITS WWDO 6  
Group IX 5  
T. gallinae (A) 22  
T. gallinae (B) 26  
T. gallinae (C) 28  
T. gallinae (D) 24  
T. gallinae (E) 19  
T. gallinae (F) 17  
T. gallinae (G) 29  
T. gallinae (H) 3  
T. gallinae (I) 2  
T. gallinae (J) 8  
T. stableri (K) 7  
T. gallinae (L) 5  
T. gallinae (O) 32  
T. gallinae (P) 23  
T. gallinae (Q) 38  
T. gallinae (II) 19  
T. gallinae (V) 22  
T. gallinae (VI) 9  
T. vaginalis 6  
T. tenax 26  
Tetratrichomonas gallinarum 65  
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Sample/Group Comparison No. of Differences 
Group IX 2 ITS WWDO 5  
19 ITS INDO 28  
21 ITS WWDO 1  
33 ITS WWDO 2  
40 ITS WWDO 6  
43 ITS INDO 3  
49 ITS ECDO 24  
70 ITS WWDO 1  
71 ITS WWDO 3  
T. gallinae (A) 24  
T. gallinae (B) 27  
T. gallinae (C) 25  
T. gallinae (D) 22  
T. gallinae (E) 17  
T. gallinae (F) 17  
T. gallinae (G) 28  
T. gallinae (H) 6  
T. gallinae (I) 5  
T. gallinae (J) 5  
T. stableri (K) 6  
T. gallinae (L) 2  
T. gallinae (O) 31  
T. gallinae (P) 24  
T. gallinae (Q) 37  
T. gallinae (II) 20  
T. gallinae (V) 19  
T. gallinae (VI) 6  
T. vaginalis 3  
T. tenax 27  
Tetratrichomonas gallinarum 64  
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Sample/Group Comparison No. of Differences 
2 ITS WWDO 19 ITS INDO 26  
21 ITS WWDO 6  
49 ITS ECDO 26  
33 ITS WWDO 7  
40 ITS WWDO 3  
43 ITS INDO 6  
70 ITS WWDO 5  
71 ITS WWDO 6  
T. gallinae (A) 21  
T. gallinae (B) 26  
T. gallinae (C) 27  
T. gallinae (D) 24  
T. gallinae (E) 19  
T. gallinae (F) 17  
T. gallinae (G) 28  
T. gallinae (H) 3  
T. gallinae (I) 2  
T. gallinae (J) 7  
T. stableri (K) 6  
T. gallinae (L) 5  
T. gallinae (O) 29  
T. gallinae (P) 22  
T. gallinae (Q) 37  
T. gallinae (II) 19  
T. gallinae (V) 22  
T. gallinae (VI) 10  
T. vaginalis 6  
T. tenax 25  
Tetratrichomonas gallinarum 66  
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Sample/Group Comparison No. of Differences 
19 ITS INDO 21 ITS WWDO 29  
33 ITS WWDO 28  
40 ITS WWDO 26  
43 ITS INDO 27  
49 ITS ECDO 4  
70 ITS WWDO 29  
71 ITS WWDO 27  
T. gallinae (A) 1  
T. gallinae (B) 3  
T. gallinae (C) 5  
T. gallinae (D) 3  
T. gallinae (E) 2  
T. gallinae (F) 18  
T. gallinae (G) 29  
T. gallinae (H) 27  
T. gallinae (I) 25  
T. gallinae (J) 24  
T. stableri (K) 25  
T. gallinae (L) 26  
T. gallinae (O) 11  
T. gallinae (P) 11  
T. gallinae (Q) 33  
T. gallinae (II) 15  
T. gallinae (V) 3  
T. gallinae (VI) 22  
T. vaginalis 27  
T. tenax 18  
Tetratrichomonas gallinarum 63  
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Sample/Group Comparison No. of Differences 
21 ITS WWDO 33 ITS WWDO 3  
40 ITS WWDO 7  
43 ITS INDO 4  
49 ITS ECDO 25  
70 ITS WWDO 2  
71 ITS WWDO 4  
T. gallinae (A) 25  
T. gallinae (B) 28  
T. gallinae (C) 26  
T. gallinae (D) 23  
T. gallinae (E) 18  
T. gallinae (F) 18  
T. gallinae (G) 29  
T. gallinae (H) 7  
T. gallinae (I) 6  
T. gallinae (J) 6  
T. stableri (K) 7  
T. gallinae (L) 3  
T. gallinae (O) 32  
T. gallinae (P) 25  
T. gallinae (Q) 38  
T. gallinae (II) 21  
T. gallinae (V) 20  
T. gallinae (VI) 7  
T. vaginalis 4  
T. tenax 28  
Tetratrichomonas gallinarum 65  
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Sample/Group Comparison No. of Differences 
33 ITS WWDO 40 ITS WWDO 6  
43 ITS INDO 3  
49 ITS ECDO 26  
70 ITS WWDO 3  
71 ITS WWDO 3  
T. gallinae (A) 24  
T. gallinae (B) 27  
T. gallinae (C) 25  
T. gallinae (D) 22  
T. gallinae (E) 17  
T. gallinae (F) 17  
T. gallinae (G) 28  
T. gallinae (H) 6  
T. gallinae (I) 5  
T. gallinae (J) 5  
T. stableri (K) 6  
T. gallinae (L) 2  
T. gallinae (O) 31  
T. gallinae (P) 24  
T. gallinae (Q) 37  
T. gallinae (II) 20  
T. gallinae (V) 19  
T. gallinae (VI) 6  
T. vaginalis 3  
T. tenax 27  
Tetratrichomonas gallinarum 64  
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Sample/Group Comparison No. of Differences 
40 ITS WWDO 43 ITS INDO 5  
49 ITS ECDO 28  
70 ITS WWDO 7  
71 ITS WWDO 4  
T. gallinae (A) 21  
T. gallinae (B) 27  
T. gallinae (C) 27  
T. gallinae (D) 24  
T. gallinae (E) 19  
T. gallinae (F) 17  
T. gallinae (G) 28  
T. gallinae (H) 2  
T. gallinae (I) 1  
T. gallinae (J) 7  
T. stableri (K) 5  
T. gallinae (L) 4  
T. gallinae (O) 31  
T. gallinae (P) 22  
T. gallinae (Q) 36  
T. gallinae (II) 19  
T. gallinae (V) 22  
T. gallinae (VI) 9  
T. vaginalis 5  
T. tenax 25  
Tetratrichomonas gallinarum 65  
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Sample/Group Comparison No. of Differences 
43 ITS WWDO 49 ITS ECDO 25  
70 ITS WWDO 4  
71 ITS WWDO 2  
T. gallinae (A) 23  
T. gallinae (B) 28  
T. gallinae (C) 24  
T. gallinae (D) 22  
T. gallinae (E) 17  
T. gallinae (F) 18  
T. gallinae (G) 27  
T. gallinae (H) 5  
T. gallinae (I) 4  
T. gallinae (J) 4  
T. stableri (K) 5  
T. gallinae (L) 1  
T. gallinae (O) 30  
T. gallinae (P) 23  
T. gallinae (Q) 36  
T. gallinae (II) 20  
T. gallinae (V) 19  
T. gallinae (VI) 6  
T. vaginalis 2  
T. tenax 26  
Tetratrichomonas gallinarum 64  
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Sample/Group Comparison No. of Differences 
49 ITS WWDO 70 ITS WWDO 25  
71 ITS WWDO 25  
T. gallinae (A) 4  
T. gallinae (B) 6  
T. gallinae (C) 3  
T. gallinae (D) 0  
T. gallinae (E) 0  
T. gallinae (F) 18  
T. gallinae (G) 29  
T. gallinae (H) 29  
T. gallinae (I) 27  
T. gallinae (J) 22  
T. stableri (K) 23  
T. gallinae (L) 24  
T. gallinae (O) 11  
T. gallinae (P) 13  
T. gallinae (Q) 33  
T. gallinae (II) 16  
T. gallinae (V) 0  
T. gallinae (VI) 19  
T. vaginalis 25  
T. tenax 20  
Tetratrichomonas gallinarum 61  
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Sample/Group Comparison No. of Differences 
70 ITS WWDO 71 ITS WWDO 4  
T. gallinae (A) 25  
T. gallinae (B) 27  
T. gallinae (C) 26  
T. gallinae (D) 23  
T. gallinae (E) 17  
T. gallinae (F) 18  
T. gallinae (G) 29  
T. gallinae (H) 7  
T. gallinae (I) 6  
T. gallinae (J) 6  
T. stableri (K) 7  
T. gallinae (L) 3  
T. gallinae (O) 32  
T. gallinae (P) 25  
T. gallinae (Q) 38  
T. gallinae (II) 20  
T. gallinae (V) 19  
T. gallinae (VI) 6  
T. vaginalis 4  
T. tenax 28  
Tetratrichomonas gallinarum 65  





APPENDIX V (CONTINUED) 
 
Sample/Group Comparison No. of Differences 
71 ITS WWDO T. gallinae (A) 23  
T. gallinae (B) 28  
T. gallinae (C) 24  
T. gallinae (D) 22  
T. gallinae (E) 18  
T. gallinae (F) 18  
T. gallinae (G) 27  
T. gallinae (H) 5  
T. gallinae (I) 4  
T. gallinae (J) 4  
T. stableri (K) 5  
T. gallinae (L) 1  
T. gallinae (O) 30  
T. gallinae (P) 23  
T. gallinae (Q) 35  
T. gallinae (II) 21  
T. gallinae (V) 20  
T. gallinae (VI) 7  
T. vaginalis 2  
T. tenax 26  
Tetratrichomonas gallinarum 62  





Pairwise distances of Fe-hydrogenase sequences from this study and known reference 
sequences from the literature. Pairwise distances were calculated using the number of 
differences method and nucleotide substitutions. Substitutions included transitions and 
transversions. Sample/Group: sample from current study; Comparison: sequence compared to 
sample; No. of differences: number of differences between the two sequences being 
compared. 
Sample Comparison No. of Differences 
19 FeHyd INDO 49 FeHyd ECDO 15  
55 FeHyd ECDO 19  
59 FeHyd ECDO 18  
T. gallinae subtype A1 0  
T. gallinae subtype A2 5  
T. gallinae subtype C1 18  
T. gallinae subtype C2 18  
T. gallinae subtype C4 15  
T. gallinae subtype C5 12  
T. gallinae subtype C6 15  
T. gallinae subtype C7 15  
T. stableri 157  
T. vaginalis  101 
49 FeHyd ECDO 55 FeHyd ECDO 6  
59 FeHyd ECDO 5  
T. gallinae subtype A1 15  
T. gallinae subtype A2 16  
T. gallinae subtype C1 9  
T. gallinae subtype C2 5  
T. gallinae subtype C4 6  
T. gallinae subtype C5 5  
T. gallinae subtype C6 8  
T. gallinae subtype C7 6  
T. stableri  157  
T. vaginalis  95 
55 FeHyd ECDO 59 FeHyd ECDO 1  
T. gallinae subtype A1 19  
T. gallinae subtype A2 20  
T. gallinae subtype C1 13  
T. gallinae subtype C2 1  
T. gallinae subtype C4 10  
T. gallinae subtype C5 9 
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Sample Comparison No. of Differences 
55 FeHyd ECDO T. gallinae subtype C6 12 
 T. gallinae subtype C7 8 
 T. stableri  154 
 T. vaginalis  98 
59 FeHyd ECDO T. gallinae subtype A1 18  
T. gallinae subtype A2 19  
T. gallinae subtype C1 12  
T. gallinae subtype C2 0  
T. gallinae subtype C4 9  
T. gallinae subtype C5 8  
T. gallinae subtype C6 11  
T. gallinae subtype C7 7  
T. stableri  153  






IACUC approval letter for this study. 
  
